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Abstract 
In this project I used a high resolution rotation stage to measure the angle of coupling of light into planar 
waveguide modes. Control of the stage and acquisition of light intensity data was done using the 
commercially available programming environment MATLAB. Reliable, repeatable excitation of modes 
was done using prism coupling. We also investigated coupling using a surface grating on the waveguide. 
 
 
 
 
I. Introduction 
Integrated optical (or photonic) circuits are becoming more and more important in technological 
applications. It is likely that many people are already aware of such applications – fiber optic 
communication. The goal of fiber optic communication is to carry information between two 
devices by sending pulses of light through an optical fiber. The optical fiber is an optical 
waveguide with a circular cross-section. The purpose of an optical waveguide is to guide 
electromagnetic waves down its length with minimal loss of power. When an electromagnetic 
wave is successfully guided down the length of a waveguide, a guided mode has been excited.  
The waveguide used in this project is planar dielectric (where the light is confined in one 
dimension) as opposed to the common optical fiber which confines the light in two dimensions. 
The purpose of this project is to explore and develop methods for characterizing waveguides 
through the measurement of their guided modes. Since we will be using light couplers (prism and 
grating) that allow the excitation of different guided modes based on angular position, waveguide 
characterization will be based on the measurement of the incidence angles of the light used to 
excite each guided mode.  
An automated measurement process written in MATLAB was developed for the waveguide with 
a prism coupler. This resulted in incidence angle measurements with accuracies on the order of a 
thousandth of a degree. For the waveguide with a grating coupler, we sought only rough 
measurements of the guided modes’ incidence angles and settled on manual control and 
measurement of the characterization process. The resulting accuracy of these measurements were 
lower – on the order of about a tenth of a degree.  
 
 
 
 
 
 
 
2 
 
II. Theory 
 
Before discussing the details of the experiment, it is helpful to be familiar with the basic theory 
behind the phenomena of guided modes. Due to its intuitive nature, the analysis technique of ray 
diagrams will be used as opposed to the wave approach which involves the solving of Maxwell’s 
equations subject to boundary conditions in a dielectric medium. Because of the waveguide used 
in this project, the analysis will be done explicitly for a planar dielectric waveguide.  
 
Fig 1: Planar dielectric waveguide with three layers and respective indices of refraction.  
As one may guess, the phenomena of total internal reflection is extremely important to the 
function of waveguides. Although there is an added layer of complexity involved in inducing a 
guided mode, the physics of how light even begins to propagate down the length of a waveguide 
must be addressed first. For simplicity of analysis, it will be assumed that nc = ns  in the context 
of figure 1 and that light has already been coupled into the waveguide. 
 
2.1 Total Internal Reflection 
As one may recall from their first exposure to geometrical optics, Snell’s Law is: 
𝑛1𝑠𝑖𝑛𝜃 = 𝑛2𝑠𝑖𝑛𝜃
′ (1) 
where 𝜃 and 𝜃′ are respectively the angle of incidence and the angle of refraction measured from 
the normal of the interface and n1 and n2 are the refractive indices of the first and second medium 
respectively.  This is illustrated in figure 2. 
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Fig 2: Ray diagram showing the beams and angles involved in Snell’s Law and the Law of Reflection 
 
In the case of a waveguide, what must be considered is the critical angle of incidence for 
confined rays. 
𝜃𝑐 = 𝑠𝑖𝑛
−1(
𝑛2
𝑛1⁄ ) (2) 
If light is incident on an interface with an angle above the critical angle, total internal reflection 
is achieved. In our case, since the film’s index of refraction (here, n1 = nf) is greater than that of 
the substrate and cover (here, n2), there will be no additional phase shift upon reflection. Indeed, 
(2) requires that the film’s index of refraction be higher than both the substrate’s and cover’s 
indices of refraction in order for total internal reflection to occur (the arcsin of a number greater 
than 1 is not defined).  
Light that is incident on the interface with an angle less than the critical angle experiences partial 
transmission with each reflection until a complete loss of energy occurs. Loss of energy occurs at 
the film-cover interface (air radiation modes) as well as the film-substrate interface (substrate 
modes) and will be referred to as breakthrough modes. These breakthrough modes are not 
guided modes, since the wave’s energy leaks out from the region of confinement. 
 
Fig 3: Ray diagram representation of light that is incident at an angle less than the critical angle. Breakthrough 
modes are the result, causing partial transmission at angles θT until a complete loss of energy occurs and light 
propagation through the waveguide halts.   
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2.2 Allowed Modes 
Although light that is incident above the critical angle satisfies the condition for total internal 
reflection, they do not necessarily lead to guided modes. That is, not every angle of incidence 
above the critical angle will result in the successful confinement of light along the length of the 
waveguide. What we are looking for are allowed modes that will allow the propagation of light 
through the waveguide.  
 
Fig 4: Ray diagram representing interference effects in a waveguide. The thin lines represent wave fronts. The wave 
fronts in the picture are slightly out of phase and will not result in maximal constructive interference.  
The rays represent a series of plane waves perpendicular to their propagation vectors moving up 
and down through the waveguide. As such, these waves will overlap and interfere with one 
another. Only incidence angles that result in constructive interference between wave-fronts will 
satisfy the resonance condition necessary for propagation down the waveguide (guided modes). 
As one will recall, the required phase difference between two planar wave-fronts must be a 
multiple of 2π in order for maximal constructive interference to occur. The situation in figure 4 
depicts wave fronts that are slightly out of phase, so maximal constructive interference will not 
occur. However, if in figure 4, the points A and C are located on the same wave-fronts, 
maximally constructive interference will occur, suggesting the condition: 
∆𝛿𝐴𝐶 = 2𝑚𝜋 (3) 
where the left side represents the net phase change that develops between points A and C and m 
is an integer. The net phase change is reduced to two components: the optical path difference    
(Δ = AB + BC) between A and C and the phase change that is present due to the two total 
reflections at points A and B (2δr).  
∆
𝜆
2𝜋 +  2𝛿𝑟 =  2𝑚𝜋 (4) 
Through geometrical considerations, it can be shown that: 
∆ = (2𝑛𝑓𝑑)𝑐𝑜𝑠𝜃 (5) 
which gives the possible modes when plugging (5) into (4): 
𝑚 =  
(2𝑛𝑓𝑑)𝑐𝑜𝑠𝜃
𝜆
+  
𝛿𝑟
𝜋
 (6)  
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The phase change due to reflections depends on the indices of refraction of the film and covers: 
𝛿𝑟 =  {
𝜋 𝑖𝑓 𝑛𝑐 =  𝑛𝑠 >  𝑛𝑓
0 𝑖𝑓 𝑛𝑐 =  𝑛𝑠 < 𝑛𝑓
 (7) 
In either case the rightmost term in (6) is never greater than 1 so it can be treated as negligible in 
comparison to the much larger term involving the inverse of the wavelength, leaving us with: 
𝑚 ≅  
(2𝑛𝑓𝑑)cos (𝜃𝑚) 
𝜆
 (8) 
To get an approximation for the total amount of propagating (guided) modes for a particular 
waveguide, m is evaluated for when cos(θm) = 1. This occurs when θm = θc. After some work, the 
geometry of figure 4 should reveal that 𝑛𝑓 cos(𝜃𝑐) =  √𝑛𝑓
2 −  𝑛𝑐2 , giving us: 
𝑚𝑡𝑜𝑡  ≅  
2𝑑
𝜆
√𝑛𝑓
2 −  𝑛𝑐2  (9) 
Now that the conditions for a guided mode are made clear (total internal reflection and 
constructive interference), how one goes about coupling light into a waveguide in the first place 
will be briefly discussed.  
 
2.3 Coupling Techniques 
 
2.3.1 Direct Coupling 
The first way one would attempt to couple light into a waveguide is also the most intuitive. This 
method, often referred to as “direct coupling” involves focusing light onto one end of the 
waveguide using a microscope objective lens and making adjustments until a guided mode is 
excited. One may choose to image the output of the guided mode onto a screen using an output 
objective lens. In the case of planar waveguides, a bright horizontal line will be visible on the 
screen if all goes well. 
 
Fig 5: Guided mode excited by means of direct coupling. The thin lines represent rays of light. 
Unfortunately, because the input interface must be in perfect condition, this coupling technique 
is extremely sensitive to error. One must also note that because waveguides have thickness on 
the order of 1 µm, this makes positioning the laser light onto the input region a rather delicate 
task and can result in poor coupling efficiencies and power loss. Because of these difficulties, 
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direct coupling is not very reliable for integrated-optics or for any other system that cannot deal 
with its sensitivity. However, it remains a reliable technique for coupling light into optical fibers.  
2.3.2 Grating Coupler 
Another method of coupling light into a waveguide is to create a region of periodic perturbation 
of either the geometry or the index of refraction on the waveguide. If done correctly, the region 
will act as a grating coupler for the waveguide. A common method for the fabrication of a 
grating coupler is to coat the waveguide with photoresist and place the desired grating region at 
the intersection of two coherent UV beams. The interference pattern due to the intersecting 
beams creates a region of periodic perturbations in the waveguide’s index of refraction. Unlike 
the method of direct coupling, the use of a grating coupler allows the excitation of different 
guided modes at particular angles of incidence.  
 
Fig 6: Guided mode excited by means of a grating coupler. The thin lines represent rays of light. 
 
2.3.3 Prism Coupler 
Light can also be coupled through a high index of refraction prism that is put into contact with 
the top of the waveguide. The phenomenon responsible is referred to as frustrated total internal 
reflection (FTIR) and is analogous to quantum tunneling. Evanescent waves are formed at the 
boundary between the bottom of the prism and the surrounding medium (usually air) and is an 
exponentially decaying electromagnetic wave with a characteristic distance of: 
|𝑥| =  𝜆
2𝜋√
sin2(θ)
𝑛2
− 1
⁄
 (10) 
where λ is the wavelength of the light in a vacuum, θ is the angle at which light is incident on the 
prism, and n is the prism’s index of refraction. When the evanescent wave has penetrated into the 
region below the bottom of the prism by x amount, its amplitude is decreased by a factor of e-1 ≈ 
0.37. In the absence of the waveguide, the energy of the evanescent wave eventually returns to 
its original medium. However, if a waveguide with a sufficiently high index of refraction is 
placed into the region of penetration (defined by x), the evanescent wave’s remaining energy will 
be transferred to it.  
 
Fig 7: Guided mode excited by means of a prism coupler. Thin lines represent rays of light. 
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III. General Experimental Design 
 
The purpose of this project is to develop a method of characterization for planar dielectric 
waveguides by the excitation of guided modes. As discussed in the theory section, there are 
several ways one can accomplish this. This project will be looking at two: prism coupling and 
grating coupling. In order to systematically look for a waveguide’s guided modes using these 
techniques, a reliable method of accurately scanning an incident light beam over a range of 
angles is required. In conjunction with this, some method of detecting the light in the excited 
mode is required. A motor driving a rotation stage and paired with an appropriate detector and 
Data AcQuistion (DAQ) device to record light intensities fits this task quite well.   
The general flow of the measurement process is as follows: 
1. Laser is switched on and light is made incident on the waveguide.  
2. The rotation stage upon which the waveguide coupler is mounted is driven by a motor 
which starts at some specified initial position. The detector is placed so that it may 
retrieve data from the output of the waveguide.  
3. The driver controls the motor while the detector collects intensity data from the output of 
the waveguide and sends this information via the DAQ to the computer. For the process 
involving a prism coupler, with each small step the motor takes the DAQ device will 
collect intensity data from the waveguide output before the motor is instructed to move 
again.  
4. The data acquired is used to make a plot of intensity vs. incidence angle. 
5. A satisfactory intensity-angle plot will allow one to measure the incidence angles at 
which maximum waveguide output intensity (after passing through the breakthrough 
modes) occurs. These angles correspond to the guided modes of the waveguide.  
 
 
 
Fig 8: Block diagram of measurement sytem. 
8 
 
IV. Waveguide with Prism Coupler  
 
The waveguide used with the prism coupler was fabricated through ion-exchange in glass. This 
requires the removal of sodium ions from the substrate which are replaced by potassium ions. 
This process allows the fabrication of thin layers with higher indices of refraction at the surface. 
The ion-exchange between sodium and potassium is accomplished through diffusion by bathing 
the glass substrate in molten KNO3. The prism is of a typical 60° geometry with an index of 
refraction higher than those of the waveguide layers.  
The DAQ device used for measurement in the design for the case of prism coupling is a photo-
detector connected to a National Instruments (NI) PCI-6014 DAQ card through a NI CB-68LP 
connector block. The rotating motor stage used for this part of the project is a Newport 
Corporation product (Model URM100ACC). It is a DC motor with an optical encoder that will 
allow us to set up rotations in very small steps while simultaneously taking intensity and angle 
data. The motion controller used to drive the motor is a Newport Universal Motion Controller 
(Model ESP300). The DAQ device (Photo-detector/DAQ card) and the ESP300 are both 
connected to the computer for data acquisition and control respectively. Both the DAQ and 
controller devices were connected to a computer for the purpose of data collection. The DAQ 
system, ESP300, and the use of the computer will be described in further detail below before 
moving onto the specifics of prism coupling.  
 
4.1 System Components 
 
4.1.1 Photo-detector connected to NI PCI-6014 DAQ Board 
A photo-detector connected to the computer’s NI PCI-6014 DAQ board through a connector 
block was used to read and measure the intensity of the waveguide’s output signal. 
 
 
Fig 9: Thorlabs DET110 – High Speed Si Photo Detector. 
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The NI DAQ card connected to one of the PCI slots in the computer is pictured below: 
 
 
Fig 10: NI-DAQ card disconnected from PCI slot.  
 
In order for the PCI DAQ card to communicate with the photo-detector, both must be connected  
through a connector block:  
 
Fig 11: NI CB-68LP Connector Block. Connects the NI-DAQ card to external devices. 
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Below is a table of the numbered connections for the connector block: 
 
 
Fig 12: Numbered connections for DAQ block. 
To get a clear voltage reading from the photo-detector, a simple circuit must be constructed in 
order to provide a reliable ground for the photo-detector. The reason is that the positive and 
negative terminals of the photo-detector initially have no common ground (0V) to reference so it 
cannot get a proper voltage (potential difference) reading. The differential circuit establishes a 
common ground and allows a clearer signal (rejects noise common to both terminals). The recipe 
for constructing this circuit is: 
1. Connect wires to pins 34 (Analog Input 8) and 68 (AI 0) 
2. Attach one 100k Ω series resistor to each wire (34 and 68). These resistors are in series 
with each other. 
3. Connect a wire to pin 24 (AI GND). Connect both resistors to pin 24.  
4. Using an appropriate coaxial cable from the output behind the photo-detector, attach the 
two leads of said cable to the wires connected to pins 34 and 68. 
 
 
Fig 13: Circuit diagram used to obtain a clear signal from the photo-detector. 
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Fig 14: Leads from photo-detector (red and black) connected to analog inputs (34 and 64; purple) and ground (24; 
orange). The two rightmost orange wires are not used.  
 
With this circuit attached to both the DAQ card (through the connector block) and the photo-
detector, light incident on the surface of the photodiode of the detector will create a readable 
potential difference.  
 
 
4.1.2 ESP300 
 
 
Fig 15: ESP300 with numbered buttons for reference. 
 
The ESP300 is a stand-alone motion controller with integrated motor drivers. It is able to control 
and drive up to 3 axes of motion in any stepper (a brushless DC electric motor whose main 
feature is that it divides a full rotation into a specific number of equal steps) or DC motor. The 
stage that will be connected to the ESP300 is a DC motor and will allow us greater control over 
the precision of the incidence angle measurements. The physical interface displayed in Fig X 
allows manual control over any appropriately connected motors and may come in handy when 
performing any preliminary positioning before or without access to remote control via RS232 
connection to a computer.  
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ESP300 Manual Control Settings 
 
1. Power button. This turns the system on or off. When controlling a stepper motor for use 
of measurement, TAKE CARE TO RETURN TO STORED HOME! Failing to do so 
will result in having to re-calibrate any further measurements.  
2. Display. Displays relevant information regarding motors connected to the three axes. 
Displayed information may be changed in Navigation Controls through the menu. 
Displayable information for each axis includes: current home, current degrees, velocity, 
and acceleration of motor. 
a. Displays further information regarding axis 1 
b. Displays further information regarding axis 2 
c. Displays further information regarding axis 3 
d. Menu. Brings up the menu for selected axis on the display. Navigate through the 
menu using the arrows designated as Navigation Controls. Pressing again while 
menu is displayed will return to default display screen (Fig X).  
3. Navigation Controls. Allows navigation through the menu. Horizontal arrows change 
values while vertical arrows select which values to change. 
4. Jog. Allows manual control of motor’s position. There are three sets of arrows pointing to 
the left and right corresponding to three different axes. Holding down an arrow will cause 
the appropriately connected motor to rotate in the designated direction. Holding down the 
middle button, High Speed, will cause the motor to rotate faster.  
5. Home. Returns the appropriate axis/motor to its stored home position. New home 
positions may be set through the menu for each individual axis. When controlling a 
stepper motor for use of measurement, TAKE CARE TO RETURN TO STORED 
HOME! Failing to do so will result in having to re-calibrate any further measurements.  
6. Emergency Stop. Immediately cuts off control over the motor and ceases motor rotation.  
For this project, there was a limited amount of manual control over the motor. Most manual work 
was done for rough calibrations.  
 
ESP300 Remote Control Settings 
The ESP300 motion controller has extensive support for control over a serial connection to a 
computer. There are many available interfaces that communicate to and from the ESP300 using a 
connected computer’s COM ports. Once serial communication has been established, one may use 
the computer to write specific commands to the ESP300. 
The syntax of the commands is very simple. Most commands begin with the number of the axis 
that you wish to control. The next two letters refer to a specific command followed by another 
number determined by the function of the command. As an example, ‘3PR.01’ tells the 3rd axis 
to move .01 degrees relative to its current position. Below is a list of commands that were 
frequently used in this project: 
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1. ‘3TJ1’ – Initializes trajectory mode for the 3rd axis of the ESP300 connected to COM1. 
This command must be sent to the ESP300 before any other command. 
2. ‘3PR#’ – Tells the 3rd axis of the ESP300 to move # degrees. Can be less than 1 (0.01 is 
valid for ‘3PR.01’). 
3. ‘3PA#’ – Like PR (relative position), but now tells the 3rd axis of the ESP300 to move to 
an absolute position regardless of where it is now. 
4. ‘3TP’ – Reads position from the 3rd axis of the ESP300. Used to store incidence angle 
data to be paired with intensity data from the DAQ device in order to create a 
proportional intensity – incidence angle plot.  
5. ‘3WS’ – Tells the 3rd axis to queue any additional commands until it is finished with 
previous commands. 
6. ‘3OR’ – Tells the 3rd axis to return to specific origin (0.00000). Used to return the motor 
to origin before disconnecting. Disconnecting before returning to home will result in the 
motor angle at disconnect becoming the new ‘zero’ when turned back on. This will likely 
lead to having to re-calibrate. BE KIND – REWIND!  
 
 
 
 
4.1.3 Computer/MATLAB    
 
The programming environment used in this project to send and receive data from the ESP300 as 
well as the DAQ card is MATLAB which has been installed with its DAQ and Instrument 
Control toolboxes. Initialization of the system is achieved with the code below. 
 
 
 
%Opens serial port COM1 for communication between computer and ESP300 
 
selectedPort = serial('COM1'); 
serialCom = serial(selectedPort); 
set(serialCom, 'BaudRate',19200); 
set(serialCom, 'DataBits',8); 
set(serialCom, 'Parity', 'none'); 
set(serialCom, 'StopBits',1); 
set(serialCom, 'FlowControl','hardware'); 
set(serialCom, 'Terminator', 'CR'); 
fopen(serialCom); 
 
 
This first set of commands opens and establishes communication over one of the computer’s 
available serial ports. In this project, the available serial port was found and entered into the 
script manually. The second line of code establishes serialCom as a serial port object that will 
be used to send and receive data from the ESP300. Establishing communication between the 
computer and the ESP300 requires additional setup. 
 
“BaudRate” is the rate at which information (in the form of symbol changes) is transferred in a 
communication channel. Before data can be successfully sent to and read from the instrument, 
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both the computer and instrument must be set to the same baud rate. The ESP300 has a set baud 
rate of 19200. 
 
“DataBits” sets the number of bits to be transmitted between the computer and the instrument 
through the communication channel. The ESP300 requires the “DataBits” setting of its 
corresponding serial port object to be set to 8. Eight bits are required to transmit one byte of data.  
 
“Parity” refers to the parity bit transferred serial data and provides simple error checking for 
transmitted data. In this project, we will not require a parity bit so its setting is set to “None”. 
 
“StopBits” tells the computer that serial data has been sent from the ESP300. In this project, 
only one stop bit is required. 
 
“FlowControl” can be set to ‘hardware’, ‘software’, or ‘none’. This signifies which device is 
used to control the flow of data (handshaking in order to prevent data loss during transmission). 
 
“Terminator” sets which ASCII character to be applied at the end of a command. Here, a 
carriage return is used and set as “CR”. 
 
 
 
 
 
%Controls ESP300 motor  
 
axisIndex = '3'; 
portValue = '1'; 
 
initTraj = [axisIndex, 'TJ', portValue]; 
fprintf(serialCom, initTraj) 
 
 
This section of code initializes the motor connected to the 3rd axis of the ESP300 and COM1 of 
the computer and allows the computer to control the motor through the ESP300. Code is written  
for clarity and easy manual customization. Optimization of code would include detection of open 
serial ports and grabbing its value for use in the fprintf(serialCom, initTraj) command. 
 
 
 
ai = analoginput('nidaq', 'Dev1'); 
 
 
addchannel(ai,0,'Prism'); %Data channel needs to be started at 0, not 1 
set(ai,'InputType','Diff'); 
set(ai, 'SampleRate', 2); 
set(ai, 'SamplesPerTrigger', 2); 
 
%This gives us 2 samples/trigger; 2 (1) sample(s)/sec for 2 (1) second(s). 
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Here, an analog input object is created. The general syntax for creating this object requires 
correct input of an adaptor and the ID of the hardware device: analoginput('adaptor',ID). 
For NI-DAQ devices, ‘nidaq’ and ‘Dev1’ refer to the correct adaptor and ID. In order for our 
photo-detector to correctly measure the output intensity of the light from the waveguide, we must 
add a hardware channel and further configure a few of its hardware and channel properties.  
 
The syntax for adding a hardware channel to an analog input object includes the specific analog 
input object, the hardware channel ID, and the desired name for the channel. In this project, the 
hardware channel needs to be set to 0 instead of the default 1. The required initial channel ID 
value is dependent on the hardware device. National Instruments hardware are indexed to start at 
0 when communicating with MATLAB. If this is not specified, MATLAB will not be able to 
detect the NI device.  
 
The ‘InputType’ of the hardware (photo-detector/DAQ card system) is set to ‘Diff’ for 
differential input. This is done to set the hardware channel to accept incoming differential signals 
from the circuit shown in figure 13. 
 
‘SampleRate’ determines the number of data points the DAQ device is to register each second. 
‘SamplesPerTrigger’ sets the number of samples our analog input channel registers for each 
trigger that occurs (for each trigger, two intensity values are measured in 1 second). Since it is 
desired that we sample the output intensity of the waveguide once per step of the motor, we 
initially would have preferred SampleRate as well as SamplesPerTrigger to be set to 1. 
However, it seems we cannot set SamplesPerTrigger below 2, so we haven't found a way to 
truly acquire a single sample for every motor step. Leaving the sample rate and samples per 
trigger settings as is will result in two samples for every step of the motor.  
 
A solution that seems to work is to leave the sample rate and samples per trigger settings both as 
2 and to simply remove one of the two acquired data points to mimic 1 intensity sample per step. 
Throwing away one of the two data points is justified since each sampled intensity value per 
trigger will be pretty close to one another if the photo-detector and light source are not disturbed. 
As will be shown below, intensity measurements will be made before the motor is instructed to 
take an additional step, further ensuring that the pair of measured intensities for each step will be 
very close in value.  
 
 
'Data collection in progress...' 
 
start(ai) 
 
for i = 1:350 
 
    data = getdata(ai); 
    intensity = data(1); 
    %Temporary solution; gets rid of the second data point since it seems 
    %we cannot directly set samples per trigger to 1. 
    fprintf(serialCom, '3TP') 
    thetaRead = fscanf(serialCom, '%f'); 
    plot(thetaRead,intensity, 'rx'); drawnow 
    hold on 
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    fprintf(serialCom, '3PR.01') 
    fprintf(serialCom, '3WS') 
     
end 
 
fprintf(serialCom, '3OR') 
%Returns the motor to origin 
 
hold off 
 
'Data collection completed. Make sure motor has returned to origin.' 
     
fclose(serialCom) 
delete(ai) 
 
 
Now that the CPU has established communication with both peripheral devices, measurements 
of both intensity and incidence angle may be made. From a previous experiment, it was known 
that the guided modes of the particular waveguide used for this project occur somewhere below 
3.5° with respect to the normal of the prism. Therefore, it was decided that the motor would run 
in 350 steps of 0.01° each.  
For each iteration of the for loop, the computer fetches and stores two intensity values from the 
DAQ system. As previously discussed, one of those two data points is removed and the 
remaining value is stored in intensity. The current angle between the laser and normal of the 
prism is measured and stored in thetaRead. With both the intensity and incidence angle 
appropriately measured at each iteration, the resulting data point is plotted in a drawnow plot and 
set to hold in order to see the intensity-angle plot develop in real-time.  
Once each iteration’s data point is plotted, the ESP300 is instructed to move 0.01°. This 
continues for 350 iterations, which is around 6 minutes. After the intensity-angle plot is fully 
completed, the motor returns to the origin, the analog input object is deleted, and the serial port 
connection between the CPU and ESP300 is closed. It is good habit to always remember to close 
the serial port connection after finishing a set of measurements. Failing to do so will result in 
trying to open said serial port while it is technically still already open. The resulting error is: 
“Error using serial/fopen. Open failed: Port: COM1 is not available. 
Available ports: COM3. Use INSTRFIND to determine if other instrument objects 
are connected to the requested device.” 
Basically what is happening, is that a previous instance of fopen(serialCom) is still in existence 
and is occupying COM1. If the computer tries to re-open and connect to COM1, it will see it as 
already in use. 
If this error does occur, you can open the Instrument Control MATLAB application in the test 
and measurement toolbox. Expand Instrument Objects then expand Interface Objects. There 
should be a number of 'Serial-COM1' objects. Disconnect them all and the problem should be 
fixed. 
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4.2 Further Considerations 
The waveguide is clamped beneath a prism and both are placed in a rectangular mount on an 
optical post. The base of the optical post is then screwed onto the stage of the rotating stepper 
motor. The photo-detector is also screwed onto the stage and positioned to collect output 
intensity data from the waveguide.  
 
Fig 16: Setup of waveguide/prism mount screwed onto the motor. Photo-detector is just visible behind the mount. 
 
Coupling light into the waveguide through the process of frustrated total internal reflection 
(evanescent wave coupling) requires that the distance between the base of the prism and the 
surface of the waveguide is very small (of order 100 nm). This is accomplished by a screw on the 
side of the rectangular mount which pushes the surface of the waveguide close to the base of the 
prism. A small black spot should appear where the prism and the waveguide meet when a 
sufficiently small distance between the two surfaces is achieved. This black spot is where the 
laser should be aimed to achieve coupling of light into the waveguide. 
It is extremely important to ensure that the region of evanescent wave coupling between the 
prism and waveguide (aforementioned ‘small black spot’) remains at the stage’s center of 
rotation while scanning through the desired range of incidence angles. If this small black region 
is not correctly centered, it will eventually move away from where the laser is directed and 
coupling will cease. 
In order to obtain reliable measurements, it is important to initially direct the laser along the 
normal of the incident face of the prism. This is accomplished by observing the light reflected off 
the prism and carefully adjusting it until the reflected beam is nearly coincident with the incident 
beam. Once this has been accomplished to the best of one’s ability, it is important to remember 
to store this new position as Home through the menu of the ESP300. Deviations of the incident 
beam from the prism normal introduces error into the intensity vs. angle measurements of the 
experiment.   
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V. Waveguide with Grating Coupler  
The waveguide was clamped in a rectangular holder whose base was screwed in place. For 
initialization, the laser was directed at the grating region of the waveguide’s surface and along its 
normal for the same reasons discussed in the measurements involving the prism coupler. We 
illuminated the grating region with the laser beam but found that we could not couple a sufficient 
amount of light into the waveguide so we could see waveguide modes propagating along the 
guide. It seems that the grating couplers are very weak. The couplers can couple light out of the 
guides (see paper cited at the end of this report) but we think that if the light from the laser beam 
were distributed along the length of the grating region (rather than just a small point on the 
surface) then the coupled mode might be visible. 
 
VI. Results 
6.1 Prism Coupler 
Multiple intensity vs. angle plots were taken for the measurements involving a waveguide with 
prism coupler. Since it is difficult to align the laser perfectly with the normal of the prism face, 
we went through multiple trials with slightly different ‘zero’ positions. This gives an idea of how 
much effect such a source of error has on our measurements. 
 
Fig 18: First normal configuration of intensity vs. angle plot for waveguide with prism coupler. Guided modes 
measured at: [θ1, θ2] = [2.324°, 2.726°]. 
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Fig 19: First normal configuration of intensity vs. angle plot for waveguide with prism coupler. Guided modes 
measured at: [θ1, θ2] = [2.416°, 2.818°]. 
 
 
Fig 20: Third (zoomed) normal configuration of intensity vs. angle plot for waveguide with prism coupler. Guided 
modes measured at: [θ1, θ2] = [2.412°, 2.821°]. 
The guided modes are characterized by their persistence and reliability. We can expect them to 
have a certain shape, the same proportional intensity compared to the other guided modes, and 
roughly the same angular positions. This is in contrast to the higher intensity breakthrough 
modes with inconsistent angular positions for their peaks between different trials.  
The two peaks that are persistent through the three trials are the guided modes. Recall (9) from 
the end of section 2.3. This yields the total amount of excitable guided modes one can expect 
with a particular planar dielectric waveguides. For the waveguide used with the prism coupler we 
have wavelength and thickness measurements of roughly 633 nm and 5 µm, respectively. For the 
indices of refraction, the film was measured at 1.5243 while the substrate was measured at 
20 
 
1.5144. Together with (9), these values predict mtot  ≈ 2.75, which is acceptably close to what we 
observed given the approximate nature of the measurements for wavelength and thickness.  
Note the large difference in value of the incidence angles between the first trial and the last two. 
The laser was only roughly aligned with the normal in the first trial, while more effort was spent 
aligning the two in the last trials. It is worth noting that the difference in distance between the 
laser reflected from the prism and the face of the output laser did not differ much between the 
first trial and the last two. This suggests that angle measurements are very sensitive to slight 
deviations of the incident laser from the normal of the prism.  
Using the three different trials, a final measurement of the incidence angles for the two guided 
modes was made: 
 
[θ1, θ2] = [(2.384 ± 0.002)°, (2.788 ± 0.003)°] 
 
 
6.2 Grating Coupler 
As discussed above, we were unable to see modes excited by the grating coupler. 
 
VII. Conclusion 
By the end of this project, we were able to excite a waveguide’s guided modes and accurately 
measure their angular positions. This was attempted for two different coupling techniques: prism 
and grating coupling. For the process involving coupling light into the waveguide using a prism, 
MATLAB code was used for automated motor control and data acquisition. This yielded angle 
measurements with accuracies on the order of a thousandths of a degree. We were unable to 
excite modes using the grating coupler. 
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